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Abstract
We discuss the connection between the origin of neutrino masses and their mixings
which arises in a class of scenarios with radiatively induced neutrino masses. In these
scenarios, the neutrino mass matrix acquires textures with two entries close to zero in
the basis where the charged-lepton mass matrix is diagonal. This results in specific
constraints on the neutrino mixing parameters, which leads to the prediction of (i) a
normal ordering of neutrino masses with the lightest neutrino mass in the ∼ meV range
and (ii) testable correlations among the various mixing angles, including a nonzero θ13
angle with its exact value correlated with the values of the atmospheric angle θ23 and
the CP phase δ. We quantify the impact of deviations from exact zeroes in the mass
matrix texture and connect it to the amount of hierarchy among Yukawa couplings.
These scenarios of radiative neutrino mass generation also give rise to new short-range
contributions to neutrinoless double beta decay, which dominate over the usual light-
neutrino exchange contribution. As a result, this class of models can have a sizable
neutrinoless double beta decay rate, in the range of upcoming experiments despite the
normal mass ordering of neutrinos.
1 Introduction
A central aspect of neutrino physics is the study of the origin and structure of the neutrino
mass matrix and its connection to the Dirac or Majorana nature of the neutrinos. Several
appealing mechanisms have been advocated to account for the tiny but nonzero masses of
neutrinos, ranging from the seesaw mechanism (see Ref. [1] for a review) to radiative neutrino
mass generation (see, e.g., Refs. [2–6]). The vast majority of these scenarios predicts that
neutrinos are of Majorana nature, but observationally it remains an open question. At the
same time, the improved precision in the observed pattern of neutrino mixings has triggered
a lot of theoretical activity aimed at explaining its origin based on ideas such as flavor
symmetries (see Ref. [7] for a recent overview) or even anarchy [8].
It is not inconceivable that the same underlying new physics could be responsible for
both the 10−2 – 10−1 eV neutrino mass scale and the observed pattern of neutrino masses
and mixings, which would then provide a unified understanding of both aspects of neutrino
physics. The purpose of this work is to explore a simple class of scenarios beyond the
Standard Model (SM) in which this connection between the origin of neutrino masses and
neutrino mixing naturally arises in the context of radiative neutrino mass generation. As we
shall see, these scenarios also incorporate a particular link to the neutrinoless double beta
(0νββ) decay probe of the Majorana nature of neutrinos (as discussed in Sec. 5).
As a starting point in our analysis, we consider how specific textures of the neutrino
mass matrix mν can be responsible for the neutrino mass scale and mixing patterns. We
focus on scenarios in which the neutrino mass matrix has one or several entries that are
either exactly or approximate zero, so called “texture zeroes” [9–13]. Specifically, we look at
cases with mνee ≃ 0 and mνeµ ≃ 0 [13–26] (the precise definition of mν and an overview of its
observational constraints from neutrino oscillation data will be presented in Sec. 2). Those
scenarios induce nontrivial correlations among the various neutrino oscillation parameters,
and can accommodate all the current observational data while giving interesting testable
predictions for some of the unknowns in the neutrino sector. Of special interest are the
predicted neutrino mass ordering and the correlation between the values of the reactor angle
θ13, the octant of the atmospheric angle θ23, and the Charge-Parity (CP ) phase δ.
It is then shown that such neutrino mass textures are obtained in a class of models of
radiative neutrino mass generation. Concrete model examples [28–31] of such class thus
provide attractive examples of embedding neutrino mixing properties into a theory of neu-
trino mass generation. In these setups, neutrino masses are generated at either 2- or 3-loop
order, providing an elegant explanation for the smallness of neutrino masses compared to
the electroweak scale [32].
Finally, a generic feature of these scenarios is the existence of an important contribu-
tion to 0νββ decay from short-distance physics effects [28–30], resulting in potentially large
amplitudes for 0νββ decay processes despite the fact that the standard contribution from
light-neutrino exchange is extremely suppressed (since mνee ≃ 0). This fact could make
these processes detectable in ongoing and upcoming 0νββ decay experiments, including
GERDA [33,34], EXO [35], SNO+ [36], KamLAND-Zen [37,38], CUORE [39], NEXT [40,41],
MAJORANA [42], and SuperNEMO [43]. Remarkably, such scenarios give a potentially de-
tectable signal in 0νββ decay experiments together with a normal ordering of the neutrino
masses and a small lightest neutrino mass m1 < 10
−2 eV.
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The paper is organized as follows: In Sec. 2, we introduce our conventions for the neutrino
mass matrix and review the present experimental situation for neutrino masses and mixings
from neutrino oscillations. In Sec. 3, the correlations among different neutrino parameters
are studied in detail for scenarios in which mνee = 0, with emphasis on the scenario m
ν
ee =
mνeµ = 0. In Sec. 4 we identify and explore a class of radiative neutrino mass generation
scenarios that naturally generate a neutrino mass matrix with approximate texture zeroes
of the same form as those studied in Sec. 3. We then define a technical measure of the
amount of hierarchy (in the neutrino “Yukawa” matrix) for these scenarios and show that it
is indeed milder than in the charged-lepton sector. In Sec. 5 we explore the features of the
leading, short-distance contribution to 0νββ decay in these scenarios and derive prospects
of detection in various present and future 0νββ decay experiments. Finally, we conclude in
Sec. 6.
2 Conventions and neutrino oscillation data
For the case of Majorana neutrinos, a parametrization of their mass matrix, in the basis
where charged current interactions are flavor diagonal and the charged leptons e, µ, τ are
simultaneously mass eigenstates, reads
mν = UT mνD U with m
ν
D = Diag (m1, m2, m3) . (2.1)
Here m1,2,3 are the masses of the three light neutrinos, and U
T is the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [44], given in terms of three mixing angles θ12, θ23, θ13
and three phases (a CP phase δ and two Majorana phases1 α1 and α2),
U = Diag
(
1, eiα1 , ei(α2+δ)
)×
 c13c12 −c23s12 − s23c12s13eiδ s23s12 − c23c12s13eiδc13s12 c23c12 − s23s12s13eiδ −s23c12 − c23s12s13eiδ
s13e
−iδ s23c13 c23c13

 , (2.2)
with sij ≡ sin(θij) and cij ≡ cos(θij). Investigating the presence (or absence) of an orga-
nizing principle behind the observed structure in mνD and the PMNS matrix U is then a
central aspect of neutrino phenomenology. This in turn requires an accurate experimental
determination of the various neutrino parameters, in particular the neutrino mass ordering,
the three mixing angles, and the CP phase.
Until the year 2011, there existed only an experimental upper bound on the value of the
mixing angle θ13, while θ23 and θ12 were relatively well determined and consistent with the
tribimaximal [45] neutrino mixing hypothesis θ12 = 30
◦, θ23 = 45
◦, θ13 = 0
◦. However, the
recent experimental data from Daya-Bay [46], RENO [47], Double Chooz [48], T2K [49],
and MINOS [50], measuring a nonzero value for θ13, combined with the latest results from
atmospheric neutrinos [51,52], which are possibly suggesting a departure of the atmospheric
angle θ23 from its maximal mixing value π/4, have provided us with a new perspective on
neutrino mixing. This is summarized in the up-to-date global fits to neutrino oscillation
data in Refs. [53–55]. Of them, we shall use Ref. [55], which gives ∆m221 ≡ m22 − m21 =
1We adopt here the convention for the Majorana phases given in Ref. [19].
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7.50+0.18−0.19 × 10−5eV2, |∆m231| ≡ |m23 −m21| = 2.473+0.07−0.067 × 10−3eV2 (2.427+0.065−0.042 × 10−3eV2)
for ∆m231 > 0 (∆m
2
31 < 0), s
2
12 = 0.302
+0.013
−0.012, s
2
13 = 0.0227
+0.0023
−0.0024, and s
2
23 = 0.413
+0.037
−0.025
(0.594+0.021−0.022) if on the first (second) octant for θ23.
Neutrino oscillation experiments are still not sensitive to the sign of ∆m231 which results
in two possible mass orderings in the neutrino sector, commonly known as normal ordering
(NO) and inverted ordering (IO), that are characterized by
∆m231 > 0 → m1 < m2 < m3 (NO)
∆m231 < 0 → m3 < m1 < m2 (IO) . (2.3)
Also, while nonmaximal θ23 mixing seems now favored, current experimental data are not
sensitive to the sign of its deviation from maximality (see [53, 55] for a discussion on this
issue). Finally, the value of the CP phase δ is also beyond current experimental sensitiv-
ity, although it is expected that future measurements from T2K and NOνA will begin to
constrain the CP phase.
3 Zeroes in the neutrino mass matrix
We will now discuss the phenomenological aspects of models which have certain entriesmνab in
the neutrino mass matrix of Eq. (2.1) exactly or approximately equal to zero. We present an
up-to-date review analysis of textures withmνee ≃ 0 and especially when jointly withmνeµ ≃ 0
(these textures have been widely studied in the literature; see, e.g., Refs. [13–19,21–27] and
references therein). These textures are relevant for the class of models we will study in the
following sections. There are only three textures with mνee = 0 allowed by neutrino oscillation
data [13, 26]: 
 0 × ×× × ×
× × ×

 ,

 0 0 ×0 × ×
× × ×

 ,

 0 × 0× × ×
0 × ×

 , (3.4)
where the × denote nonvanishing (not necessarily equal) entries. In this section we focus on
the case of exact texture zeroes and leave the discussion of approximate zeroes and its con-
nection to radiative generation of neutrino masses for Sec. 4. The (complex) neutrino mass
matrix is, for the case of Majorana neutrinos, a function of nine independent parameters,
of which six are measurable via neutrino oscillations.2 Setting any matrix element to zero
then gives two equations (both its real and imaginary part have to vanish), which impose
correlations among various neutrino parameters. From Eq. (2.2), the textures in (3.4) give
the following relations:
mνee ≡ c213
(
m1c
2
12 + e
2iα1m2s
2
12
)
+ e2iα2m3s
2
13 = 0 , (3.5)
mνeµ ≡ c13
[(
e2iα1m2 −m1
)
s12c12c23 + e
iδs23s13
(
e2iα2m3 −m1c212 − e2iα1m2s212
)]
= 0 , (3.6)
mνeτ ≡ c13
[(
m1 − e2iα1m2
)
s12c12s23 + e
iδc23s13
(
e2iα2m3 −m1c212 − e2iα1m2s212
)]
= 0 . (3.7)
2Neutrino oscillations are not sensitive to the Majorana phases α1 and α2 nor to the absolute neutrino
mass scale.
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Figure 1: Allowed regions for θ13 as a function of the lightest neutrino mass m for a neutrino mass
matrix with texture mνee = 0. The regions are for normal (NO/red) and inverted (IO/green) mass
ordering, with best-fit measured values of θ12, ∆m
2
13, and ∆m
2
21 (solid region) as given in Ref. [55].
The allowed region with θ12, ∆m
2
13, and ∆m
2
21 within their 3σ experimental ranges (dotted line) is
also shown. The dashed-black horizontal lines enclose the 3σ allowed experimental range for θ13.
The grey region is disfavored by cosmological data [56].
From the condition (3.5), which is common to all three textures, we already obtain
information on possible ranges of neutrino masses and mixing angles. In particular, from
Eq. (3.5) it follows that θ13 is constrained to
|s212m2 − c212m1|
m3
≤ t213 ≤
s212m2 + c
2
12m1
m3
(3.8)
with t13 ≡ tan(θ13). This allows us to obtain in a straightforward manner the allowed range
of solutions for normal (NO) and inverted (IO) ordering in the (m, θ13) plane, where m is
the mass of the lightest neutrino:
• NO: m1 = m, m2 =
√
∆m221 +m
2, and m3 =
√
∆m231 +m
2 ;
• IO: m1 =
√
|∆m231|+m2, m2 =
√
|∆m231|+∆m221 +m2, and m3 = m .
The range of solutions to Eq. (3.8) for NO and IO are shown in Fig. 1, both for θ12, ∆m
2
31
and ∆m221 set to their best-fit values (solid regions) and with these parameters allowed to
vary independently within their 3σ experimental ranges (inside dotted lines). As can be
seen from Fig 1, the experimental constraint on the reactor mixing angle θ13 excludes the
inverted mass ordering scenario when mνee = 0, and thus all the three textures in (3.4)
predict a normal ordering for the neutrino masses. From Fig. 1 it is also clear that Eq. (3.5)
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is only satisfied in a limited range of values for m as a function of θ13 [19, 57] (this range
is commonly referred to as “the chimney”). For the oscillation parameters within their 3σ
allowed experimental range, m must lie in the interval 0.001 eV . m . 0.009 eV.
As can be seen from Eq. (3.5), mνee does not depend on the atmospheric mixing angle θ23
or the CP phase δ. We will now analyze how an extra zero in the texture leads to further
relations among the various neutrino oscillation parameters, which also involve θ23 and δ.
3.1 Mass matrix texture with mνee = 0 and m
ν
eµ = 0
For the case of two independent texture zeroes in mν , such as Eqs. (3.5) and (3.6), these
form a system of four equations (vanishing real and imaginary parts of mνee, and m
ν
eµ). This
system of equations links the values of δ, α1, α2 andm to the values of the neutrino oscillation
parameters ∆m221, ∆m
2
31, θ12, θ23, and θ13 and leads to specific predictions of m, δ, α1, and
α2 (up to an overall sign change in δ, α1 and α2) when the other parameters are specified.
Moreover, solutions will only exist for certain values of ∆m221, ∆m
2
31, θ12, θ23 and θ13, so the
imposition of such textures results in nontrivial relations among these parameters.3
As is clear from the discussion in the previous section, the requirement mνee = 0 resulted
in specific relations among θ12, θ13, and the lightest neutrino massm. Requiring alsom
ν
eµ = 0
results in additional correlations, involving now also the atmospheric mixing angle θ23, the
CP phase δ, and the other neutrino oscillation parameters. In particular, further requiring
mνeµ = 0 correlates the allowed values of θ13, θ23, and δ, as shown in Figs. 2 and 3. In
addition, the allowed range for the value of the lightest neutrino mass scale m in Fig. 1 gets
slightly narrowed down once the experimental bounds on θ23 are imposed.
From Eqs. (3.5) and (3.6), it is possible to derive a “master formula” correlating all the
neutrino oscillation parameters (see Appendix A for details). For a normal ordering,
∆m221
∆m231
= s213
t223
t212
1− t412 + 2s13 t212 t−123
(
t−112 + t12
)
cos δ
c413 − s213 (t212 t223 − 2s13 t12 t23 cos δ + s213)
. (3.9)
It is important to stress that the relation (3.9) does not include any assumption about the
values of the elements of the neutrino mass matrix mνab other than m
ν
ee, m
ν
eµ. We emphasize
that this relation does not predict specific values for the neutrino oscillation parameters.
Nevertheless, Eq. (3.9) predicts strong correlations among the different oscillation param-
eters which might not have been compatible with current neutrino oscillation experimental
data (see Appendix A). Instead, it successfully accommodates the neutrino oscillation data
and gives clear predictions for the correlations among future precision data in the neutrino
sector. For small values of θ13, the right-hand side of Eq. (3.9) can be expanded in powers
of s13, which to lowest orders then reads
∆m221
∆m231
= s213
t223
t212
[(
1− t412
)
+ 2 s13
t12 (1 + t
2
12)
t23
cos δ
]
+O(s413) . (3.10)
In Fig. 2 we show the allowed region (solid-red) from Eq. (3.9) in the (s213, s
2
23) plane
for ∆m231 fixed at its best-fit value (MIDDLE) and at its -/+3σ value (LEFT/RIGHT).
3Neutrino mass matrix textures with more than two entries set to zero would overconstrain the system
and have no solution for m1, δ, α1, and α2 given the current neutrino oscillation data [13, 26].
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Figure 2: Allowed regions for the neutrino mass texture mνee = m
ν
eµ = 0 in the (s
2
13, s
2
23) plane
(solid-red), for ∆m231 fixed at its −3σ value (LEFT), best-fit value (MIDDLE) and +3σ value
(RIGHT), and best-fit values of ∆m221 and s
2
12. In each case, the 1σ, 2σ and 3σ allowed experimental
contours from the global analysis of Ref. [55] are shown in green. The horizontal dashed line
indicates maximal mixing θ23 = π/4.
Both ∆m221 and s
2
12 are fixed to their best-fit values in Fig. 2 (but a marginalization over
these parameters would also give almost identical experimental contour regions). The upper
bound on s223 as a function of s
2
13 corresponds to δ = ±π, and the lower bound corresponds
to δ = 0, which can be understood from Eq. (3.10). Also shown are the 1σ, 2σ, and 3σ
experimentally allowed regions (green lines) from the global analysis of [55, 58].
As can be seen from Fig. 2, the allowed range of the atmospheric mixing angle θ23 for a
neutrino mass texture with mνee = m
ν
eµ = 0 is not symmetric around θ23 = π/4 (s
2
23 = 1/2),
and a value of θ23 < π/4 seems favored given current experimental constraints on the value
of θ13. This preference for the lower θ23 octant is only very mild for ∆m
2
31 = 2.28 · 10−3 eV
(and in fact, in this case it is not very well motivated to talk about the θ23 octant, since
the preferred region for θ23 lies close to π/4) and becomes more pronounced for increasing
∆m231. The conclusion of a preferred θ23 < π/4 depends also weakly on the precise value of
the solar angle θ12, since for values of θ12 significantly larger than the best-fit value the red
region in Fig. 2 is shifted upward and eventually covers a sizeable part of the upper octant as
well. Thus, a future, more accurate determination of the value of θ12 could either reinforce
this conclusions or make the preference for the lower θ23-octant in this texture eventually
disappear.
The mass texture with mνee = m
ν
eµ = 0 also results in interesting correlations among the
values of θ13, θ23, and the CP phase δ, as shown in Fig. 3. Here the 1σ, 2σ, and 3σ allowed
experimental regions of s213 vs s
2
23 are plotted in the (δ, s
2
23) plane for the same values of
∆m231, ∆m
2
21, s
2
12 as adopted in the three plots in Fig. 2 [note that since for m
ν
ee = m
ν
eµ = 0
there are only two independent parameters out of the three parameters θ13, θ23, δ we can
always extract the prediction of δ along any contour in the (s213, s
2
23) plane]. We see that
values of |δ| ∼ π/2 become more favored for increasing ∆m231, while for ∆m231 ∼ 2.28 · 10−3
eV values |δ| > π/2, and in particular |δ| → π, are preferred. Fig. 3 also shows a specific
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Figure 3: Allowed values of the CP phase δ (for the neutrino mass texture mνee = m
ν
eµ = 0) as a
function of s223 along the 1σ (red), 2σ (blue), and 3σ (green) experimental contours from Fig. 2.
The values of ∆m231, ∆m
2
21, and s
2
12 are set as in Fig. 2. The vertical dashed line indicates maximal
mixing θ23 = π/4.
correlation between the values of θ23 and δ within this texture: larger values of θ23 seem to
favor larger values of |δ|. Finally, it is important to notice that the texture does not impose
any restriction on the sign of the CP phase, since δ appears in Eq. (3.9) as cos δ.
3.2 Mass matrix texture with mνee = 0 and m
ν
eτ = 0.
The entry mνeτ of the neutrino mass matrix is similar in structure to m
ν
eµ and can in fact be
obtained from the latter via the substitutions θ23 → π/2− θ23 and δ → δ+ π [22]. Then the
correlation between θ13 and θ23 for m
ν
ee = m
ν
eτ = 0 is reversed with respect to the one found
for mνee = m
ν
eµ = 0 in the previous section, since now Fig. 2 and 3 would look the same but
with the replacement s223 → c223. In particular, for mνee = mνeτ = 0, θ23 > π/4 (the second
octant) is now favored. Furthermore, both entries mνeτ and m
ν
eµ cannot vanish at the same
time. For mνee = 0 it can be shown that∣∣mνeµ∣∣2 + |mνeτ |2 =
c213
[
(s12 c12)
2
(√
∆m221 +m
2 −m
)2
+ s213
(
1 + t213
)2 (
∆m231 +m
2
)]
. (3.11)
For ∆m221, ∆m
2
31, s
2
12, and s
2
13 inside their 3σ allowed experimental ranges, we find the
following bound
√∣∣mνeµ∣∣2 + |mνeτ |2 ≥ 0.0063 eV, where the inequality is saturated for m .
0.009 eV. Therefore, a texture with mνee = m
ν
eµ = m
ν
eτ = 0 is not possible.
It is worth stressing that if mνee = 0 and either of m
ν
eµ = 0 or m
ν
eτ = 0 are imposed the
allowed ranges for the rest of the neutrino mass matrix entries are very constrained (once
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Figure 4: The size of the entries in the neutrino mass matrix |mνeτ |,
∣∣mνµµ∣∣, ∣∣mνµτ ∣∣ and |mνττ | (in
eV) for mass textures with mνee = m
ν
eµ = 0. The red regions correspond to the allowed values
for neutrino oscillation data within 1σ confidence level, while the green regions correspond to the
allowed values for neutrino oscillation data within 3σ confidence level.
the current neutrino oscillation allowed experimental ranges are also imposed). This can
be explicitly seen in Fig. 4 for the case mνee = m
ν
eµ = 0, where the allowed ranges of the
neutrino mass matrix entries |mνeτ |,
∣∣mνµµ∣∣, ∣∣mνµτ ∣∣, and |mνττ | are computed from a scan over
all experimentally allowed values of the neutrino oscillation parameters ∆m221, ∆m
2
31, s
2
12,
s223 and s
2
13. To perform the scan, random initial conditions are given to the unconstrained
parameters δ, α1, α2, and m (< 0.1 eV), and we generate & 10
6 numerical solutions to
mνee = m
ν
eµ = 0. The 1σ and 3σ allowed regions for the neutrino mass matrix entries |mνab|
are found from those random-scan points by calculating each scan point’s total log likelihood
relative to the best-fit value ∆ lnL and finding the points with −2∆ lnL < 5.88 and 18.2,
respectively. These limiting values on 2∆ lnL are the appropriate values for 5 degrees of
freedom, corresponding to the five measured neutrino-oscillation parameters. Technically
speaking, the total likelihood function L is built up from the product of uncorrelated single
Gaussian probability distribution functions (pdfs) for each observable, except for the θ23 pdf
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which is instead modelled as the sum of two properly normalized Gaussian pdfs with minima
in two separate octants and a third Gaussian pdf around the maximal mixing value π/4, all
in order to properly match the result presented in [58].4 A comparison to, e.g., Refs. [25,26]
shows that their mν matrices have entries mνab that fall well within the contour regions shown
in Fig. 4.
4 Textures from radiative neutrino mass generation
We now discuss the connection between the neutrino mass textures analyzed in the previous
section and scenarios of neutrino mass generation. In particular, we will show that a certain
type of scenario for radiative neutrino mass generation leads to approximate mass textures
of the form (3.4).
Let us begin by simply noting that beyond SM (BSM) physics must be lepton number vi-
olating (LNV) in order to allow for the generation of Majorana masses for the light neutrinos.
Then, by assuming that no extra gauge symmetries beyond the electroweak SU(2)L×U(1)Y
are present, we can parametrize the effect of the LNV new physics in terms of nonrenor-
malizable operators that include only SM fields and preserve all the local symmetries of the
SM. We assume that the LNV physics couples only directly to leptons, but not directly to
quarks. Under these generic assumptions, it was recently shown in Ref. [30] that when the
LNV physics couples only directly to leptons of right-handed chirality ℓR (and not to those of
left-handed chirality), then the only lowest-order operator (appearing at dimension D = 9)
that violates lepton number by two units (∆L = 2) is given by5
O9 ≡ C(9)ab ℓcRaℓRb
[
(DµH)
T iσ2H
]2
(4.12)
with C
(9)
ab being a matrix in flavor space. This is part of a more general result in Ref. [30]
regarding the dimensions and structure of the lowest-order LNV non-renormalizable SM op-
erators involving leptons and no quarks6. Upon electroweak symmetry breaking, O9 induces
a term:
C
(9)
ab
Λ˜
ℓcRaℓRbW
+
µ W
+µ. (4.13)
We stress that the scale Λ˜ may not directly correspond to any specific new physics scale,
but rather to a combination of different mass scales, and in particular it might be lower
than any of those in scenarios with some hierarchy of scales. The term (4.13) generates
a leading contribution to neutrino masses at 2 loops, with two chirality flips, as shown in
Fig. 5. Implications of O9 for 0νββ decay will be analyzed in Sec. 5. The neutrino mass
4We use their “Huber Fluxes, no Reactor-Short-Base-Line (RSBL)” v1.2 results.
5Note that this operator does not appear in the classification of SM ∆L = 2 effective operators in
Refs. [59,60]. LNV effective operators involving SM gauge bosons were thought to be unable to accommodate
a suitable renormalizable completion in Ref. [59] –see also Ref. [61] for a brief discussion on this issue.
6The lowest-order operator involving only leptons of right-handed chirality appears at D = 9, while the
lowest-order operator involving both left- and right-handed chiralities appears at D = 7. The lowest-order
operator involving only left-handed leptons is the well-known D=5 Weinberg operator [62].
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Figure 5: The 2-loop diagram generating neutrino masses from O9 in Eq. (4.12). The crosses ×
in the fermion propagators represent chirality flips, which (upon electroweak symmetry breaking)
make this Feynman amplitude proportional to the masses mla and mlb .
matrix mνab is then proportional to the charged-lepton masses mla mlb , since weak charged
currents conserve lepton flavor,
mνab ∼
(
1
16 π2
)n
C
(9)
ab
mla mlb
Λ
, (4.14)
where Λ can be related to Λ˜. Both the loop suppression and C
(9)
ab /Λ will ultimately depend
7
on the specific LNV new physics responsible for generating O9. We note at this point that
mνab ∼ mla mlb might also be achieved in other scenarios that do not involve O9 (see e.g.
the discussion in Ref. [63]), but this is nevertheless a very nongeneric feature of radiative
neutrino mass models.
It is apparent from Eq. (4.14) that due to the mla mlb dependence, the entries in the
neutrino mass matrix mνab proportional to mle will be expected to be much smaller than
the rest (up to the size of C
(9)
ab ; see the discussion below), since mlτ ≫ mlµ ≫ mle . This
suppression of certain mass matrix elements leads to a matrix texture including approximate
zeroes (the zeroes will not be exact unless the corresponding C
(9)
ab = 0). Nevertheless, the
predictions for the neutrino mass ordering (NO vs IO), absolute neutrino mass scale m,
octant of θ23 and CP phase δ presented in Sec. 3 are still exactly verified for small enough
entries. Fig. 6 (LEFT and RIGHT) shows that this occurs for |mνee| ,
∣∣mνeµ∣∣ . 10−4 eV.
However, as the size of the entries mνee, m
ν
eµ increases, there is a transition region in which
these predictions get fainter, eventually disappearing for |mνee| ,
∣∣mνeµ∣∣ & 10−3 eV.
The appearance of approximate zeroes in the neutrino mass matrix (4.14) depends on
the size of C
(9)
ab /Λ. Since |mνee| . 10−4 eV is needed (Fig. 6 LEFT), we find a lower limit ΛL
on the required effective scale Λ/C
(9)
ee , given approximately by ΛL ∼ 100 GeV, 600 MeV, and
4 MeV for n = 2, 3, and 4, respectively. A Similar argument can be applied in order to have∣∣mνeµ∣∣ . 10−4 eV (Fig. 6 RIGHT). As will be discussed in Sec. 4.2, LNV new physics giving a
renormalizable completion to O9 involve new states with nontrivial SU(2)L×U(1)Y quantum
numbers, as well as new states with sizable couplings to leptons. These scenarios are then
difficult to realize with an effective scale lower than ΛL, without being in conflict with high
energy collider data.8 Renormalizable completions of O9 then predict |mνee| < 10−4 eV and
7While neutrino masses generated from O9 in Eq. (4.12) appear at 2 loops, the operator O9 may itself
have been generated at loop order in an underlying renormalizable completion (see Sec. 4.2), and thus n ≥ 2.
8Recall, however, that Λ does not directly correspond to a scale of new physics in the sense of effective
field theory.
10
10-4 10-3 10-2 0.1 0.3
m (eV)
0.01
0.1
1
Si
n2
m
ee
 = 0
m
ee
 < 0.0001 eV
m
ee
 < 0.0005 eV
m
ee
 < 0.001 eV
m
ee
 < 0.005 eV
θ 1
3
D
isfavored by Cosm
ology
0 0.01 0.02 0.03 0.04 0.05
Sin2
0
0.25
0.5
0.75
1
Si
n2
θ 2
3
m
eµ = 0
m
e  
 < 0.0001 eV
m
e  
 < 0.0005 eV
m
e  
 < 0.001 eV
m
e  
 < 0.005 eVµ
θ13
µ
µ
µ
Figure 6: LEFT: For normal ordering (NO), the allowed region in the (m, s213) plane as the upper
bound on |mνee| is increased. RIGHT: For mνee = 0, the allowed region in the (s213, s223) plane as
the upper bound on
∣∣mνeµ∣∣ is increased. In both cases, we consider the best-fit values for the other
neutrino oscillation parameters [55].
strongly favor
∣∣mνeµ∣∣ < 10−4 eV. In this sense, the textures analyzed in the Sec. 3 are naturally
realized for this class of scenarios.
On the other hand, being compatible with current neutrino oscillation data poses lower
bounds to the rest of the entries of mνab. This is due to the fact that oscillation data allow for
at most two independent texture zeroes [13,26] and require that the remaining entries in mνab
are all of a size between
√
∆m221 and
√
∆m231 (see Fig. 4). The most stringent bound for our
purposes is |mνeτ | & 0.008 eV (recall Fig. 4), which imposes the requirement Λ/C(9)eτ < ΛH ,
with ΛH ∼ 5 TeV, 30 GeV, and 200 MeV for n = 2, 3, and 4, respectively. Satisfying these
lower bounds on the remaining mνab together with
∣∣mνeµ∣∣ . 10−4 eV requires a certain amount
of hierarchy9 among the elements of C
(9)
ab (in particular, C
(9)
eµ . C
(9)
eτ /5 is required). We stress
that this does not have an impact on the generation of the texture in these scenarios but
rather implies that some hierarchy of couplings is presumably required in any beyond the
Standard Model realization of O9 to fit current oscillation data.
4.1 Approximate textures and a measure of hierarchy
The degree of hierarchy in a specific “Yukawa” matrix C
(9)
ab can be quantified by means of
Eq. (4.14) and using the neutrino oscillation data as input for mνab. We choose to define
the hierarchy of C
(9)
ab in the charged-lepton mass eigenstate basis. We look at the hierarchy
9In fact, for mee,meµ ≃ 0 the required hierarchy among the different entries C(9)ab in Eq. ( refloopnumass)
can be directly derived from Fig. 4.
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where Π ≃ 5.5 and |mνee| ≃ 10−7 eV. RIGHT: Values of the various neutrino mass entries |mνab| as
a function of m. The parameters θ12, θ13, θ23, ∆m
2
13, and ∆m
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21 are fixed to their best-fit measured
values [55].
among the absolute values of the neutrino mass matrix entrances10 (note, however, that they
are in general complex entries with their relative phase adjusted to agree with experimental
data). The degree of hierarchy Π is then defined as the sum of squared logarithms of the
relative sizes of the Yukawa couplings:
Π2 = min
N
∑
a≥b
[
log
(
N
|mνab|
mlamlb
)]2
. (4.15)
The constant N is minimized over to account for the fact that the definition of hierarchy
should not be dependent on the overall C
(9)
ab normalization. Π in Eq. (4.15) then provides
us with a way to quantify the amount of hierarchy required in C
(9)
ab to be compatible with
data from neutrino oscillation experiments. In Fig. 7 (LEFT) we show the minimal amount
of hierarchy Π as a function of m, with the corresponding values of |mνee|,
∣∣mνeµ∣∣ as well as
the rest of |mνab| shown in Fig. 7 (RIGHT). The neutrino oscillation parameters θ12, θ23,
θ13, ∆m
2
13, and ∆m
2
21 are set to their best-fit values, and we use a global minimization
11
in the neutrino parameters δ, α1, and α2, as well as in N . As shown in Fig. 7, the region
with the lowest hierarchy corresponds to 0.002 eV < m < 0.007 eV (the “chimney”), where
|mνee| ∼ 10−7 eV. The Yukawa hierarchy in this region is of the same order as the one already
10Alternatively, we could have defined the hierarchy by means of the eigenvalues of C
(9)
ab , which yields
different but qualitatively similar results. However, in that case the connection between C
(9)
ab , neutrino
oscillation parameters, and charged-lepton masses is not apparent.
11Global minimization in multidimensional spaces is generically difficult. We found the MATLAB tool box
with GlobalSearch setup and the fmincon option for finding minima of constrained nonlinear multivariable
functions suited our task well [64].
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present in the SM charged-lepton mass pattern
min
N
√
[log (Nmle)]
2 +
[
log
(
Nmlµ
)]2
+ [log (Nmlτ )]
2 ∼ 6 . (4.16)
We find that the hierarchy is globally minimized for m ∼ 0.0045 eV, when both |mνee| and∣∣mνeµ∣∣ reach their minimal value (|mνee| ∼ 10−7 eV, ∣∣mνeµ∣∣ ∼ 10−5 eV). The fact that from
Fig. 7 there is only one value ofm for which both |mνee| → 0 and
∣∣mνeµ∣∣→ 0 can be understood
by noticing that if mνee = 0 and m
ν
eµ = 0 then fixing the oscillation parameters θ12, θ13, θ23,
∆m213, and ∆m
2
21 results in a unique prediction for δ, α1, α2 and m (recall the discussion
from Sec. 3).
From the previous discussion, the texture with mνee ≃ 0 and mνeµ ≃ 0 emerges as the
one with the least hierarchy in the C
(9)
ab when being compatible with neutrino oscillation
experiments. Nevertheless, as anticipated, an amount of hierarchy similar to the one present
in the charged-lepton sector is required to satisfy the oscillation data.
4.2 Tree-level and loop-induced BSM completions of O9
We now explore possible renormalizable Lagrangians that would generate the O9 operator
in Eq. (4.12).12 The leptons in Eq. (4.12) form a bilinear ℓcRa ℓRb that is Lorentz and
SU(2)L invariant but has hypercharge Y = −2. The simplest possible completion13 of
ℓcRa ℓRb then requires a scalar field ρ
++, SU(2)L singlet with hypercharge Y = 2, to form
the renormalizable and SU(2)L×U(1)Y gauge invariant term Cab overlineℓcRa ℓRb ρ++, with
Cab a Yukawa coupling matrix in flavor space. As the field ρ
++ is a singlet under SU(2)L, it
does not couple directly to the W bosons. The extra field(s) needed to connect ρ++ to the
W bosons [cf. Eq. (4.13)] will in turn determine whether the nonrenormalizable operator O9
is induced at tree level or at loop level.
For a tree-level completion, ρ++ has to mix with another state which has nontrivial
SU(2)L quantum numbers. The simplest possibility is to introduce a scalar SU(2)L triplet
field ∆ with hypercharge Y = 1 [28, 29]
∆ =
(
∆+/
√
2 ∆++
∆0 −∆+/√2
)
(4.17)
The ∆++ component of ∆ may mix with ρ++ upon electroweak symmetry breaking, giving
rise to two doubly charged mass eigenstates ∆++1,2 with masses m∆1,2 . At the same time ∆
0
has to develop a vacuum expectation value (vev) 〈∆0〉 = v∆ to generate the coupling of ∆++1,2
to W bosons. Two possible ways to obtain the ∆++-ρ++ mixing (parametrized via a mixing
angle θ∆) have been explored.
The first way is through an operatorH†∆ H˜ ρ++ (withH being the SM scalar doublet and
H˜ = iσ2H
∗) [28,66]. In this case θ∆ may be sizable [sin(2θ∆) ∼ v2/m2∆1,2 ] if the masses m∆1,2
are close to the electroweak scale v. However, in this scenario an additional contribution to
12A classification of all possible renormalizable completions was recently given in Ref. [65].
13As shown in Ref. [65], it is also possible to build renormalizable completions of O9 that do not involve the
bilinear ℓcRa ℓRb appearing explicitly in the Lagrangian. These completions, however, require a substantially
larger amount of degrees of freedom, and we will not consider them in this work.
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neutrino masses, coming from a type-II seesaw mechanism, cannot be consistently avoided
(see the discussion in Ref. [29]). The appearance of this type-II seesaw contribution makes
the mass generation from the effective operator O9 somewhat redundant. The second way,
proposed in Ref. [29], overcomes this issue by inducing the ∆++-ρ++ mixing by an operator
Tr
[
∆†∆†
]
ρ++. A Z2 symmetry, which needs to be spontaneously broken
14 in order for O9
to be generated at tree level, then forbids the terms in the Lagrangian that would generate a
type-II seesaw contribution to neutrino masses. However, the mixing angle θ∆ is suppressed
in this case [sin(2θ∆) ∼ v∆/m∆1,2 ≪ 1] due to the smallness of the triplet vev v∆, as needed
to satisfy electroweak precision constraints (v∆ . 5 GeV ≪ v).
An elegant solution to the above problems for tree-level completions is obtained by con-
sidering renormalizable completions at loop level. No mixing of the ρ++ field is necessary, but
instead the ρ++ coupling to W bosons appears at 1 loop (or higher) via new fields charged
under both SU(2)L and U(1)Y . If the new fields respect a Z2 symmetry, which remains
unbroken after electroweak symmetry breaking, this guarantees that neutrino masses will
first appear at 3 (or more) loops. Also, because of the Z2 symmetry, these scenarios could
automatically incorporate a stable dark matter candidate. A concrete realization of this idea
is given in Ref. [31], which together with the discussed ρ++ scalar field introduces two new
fields which are odd under the Z2 symmetry: an inert scalar SU(2)L doublet,
H2 =
(
Λ+
H0 + i A0
)
, (4.18)
and a scalar SU(2)L singlet, S
+, with hypercharge Y = 1. Altogether, the LNV part of the
Lagrangian is given by
−LLNV = Cab ℓcRaℓRb ρ++ + λ52
(
H†1H2
)2
+ κ1H
T
2 iσ2H1 S
−
+ κ2 ρ
++S−S− + ξ HT2 iσ2H1 S
+ ρ−− + h.c. (4.19)
Because of the κ1-coupling in Eq. (4.19), the states S
+ and Λ+ mix upon electroweak sym-
metry breaking (the mixing angle being θ+), giving rise to two charged mass eigenstates H+1,2
with masses mH+1,2 . The states H
+
1,2, A0, and H0 are thus the only particles with negative Z2
parity (ρ++ has positive Z2 parity), so if the lightest of these states is either A0 or H0 the
setup will automatically provide a viable dark matter candidate. In this model, the unbro-
ken Z2 symmetry results in the O9 operator being generated at 1-loop level, with neutrino
masses appearing at 3 loops (see Ref. [31] for details). We want to stress that, as for the
tree-level case, various (possibly many) loop realizations of the O9 operator may be possible.
A common feature of all the scenarios discussed above is the presence of the ρ++ scalar
particle, coupling to right-handed charged leptons through a term Cab ℓcRa ℓRb ρ
++. This
scalar particle then mediates lepton flavor violation (LFV) processes such as µ+ → e+e+e−,
τ− → e+e−e−, or τ− → e+µ−µ− at tree level (with their amplitudes a→ b c d proportional
to |C∗abCcd| /m2ρ), and µ+ → e+ γ at 1 loop. The experimental constraints on these processes
are rather stringent, especially for the very rare decays µ+ → e+e+e− [67], µ+ → e+ γ [68],
14As discussed in Ref. [29], the spontaneous breaking of this Z2 symmetry leads to a domain-wall problem
in this scenario.
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and τ− → e+µ−µ− [69]. The scenarios discussed above can have rates close to the current
experimental limits. While a µ+ → e+e+e− signal could be avoided by tuning CeeCeµ to be
tiny, the LFV processes µ+ → e+ γ and τ− → e+µ−µ− are predicted close to the current
experimental sensitivity since the Yukawa couplings Ceτ , Cµµ, and Cµτ cannot be very small
in these scenarios in order to reproduce the correct values for the observed neutrino mass
spectrum [29,31]. A detailed analysis of LFV constraints for these scenarios lies beyond the
scope of this paper (see Ref. [70] for a study of LFV constraints on processes mediated by
a ρ++ singlet scalar). Relevant for the next section are, however, the limits on Cee for the
specific benchmark scenarios discussed in Ref. [29] (Cee .
√
4π) and Ref. [31] (Cee . 0.1).
The discussion of this section highlights the feasibility of finding renormalizable comple-
tions of O9, both at tree level and 1-loop level, and the main features of these completions.
As discussed previously, the smallness of neutrino masses compared to the electroweak scale
is explained in these scenarios in terms of a 2- or 3-loop suppression. Simultaneously, approx-
imate texture zeroes appearing in the neutrino mass matrix give rise to specific correlations
among the various neutrino oscillation parameters, which are perfectly compatible with cur-
rent experimental data and will be tested in the near future. Furthermore, the 0νββ decay
process in these models has particular features, which we study in detail in the next section.
5 Neutrinoless double β decay (0νββ)
Scenarios where LNV new physics couples directly only to right-handed charged leptons are
very interesting for the potential 0νββ decay of atomic nuclei. As discussed in the previous
section, the operator O9 in Eq. (4.12) leads to a neutrino mass matrix mνab of the form
(4.14) which then generically contains approximate zeroes mνee ≃ 0, mνeµ ≃ 0. As a result,
the contribution from light neutrinos to the 0νββ decay amplitude, being proportional to
Aν0νββ ∼ mνee/ 〈p2〉 with 〈p2〉 ∼ (100MeV)2 the square of the typical momentum transfer
between nucleons in the decay process [71], is extremely suppressed due to the smallness of
mνee. Meanwhile, the contribution from the short-distance physics encoded in the operator
O9 contributes to the 0νββ decay (as shown in Fig. 8) without suffering from the 2-loop and
m2le suppression that affects the light-neutrino exchange via the m
ν
ee factor [recall Fig. 5 and
Eq. (4.14)].
In these scenarios, the short-distance contribution is thus the dominant source of 0νββ
decays. This is in contrast with more conventional scenarios of neutrino mass generation,
such as seesaw models [72]. We note that if LNV physics couples directly to quarks, or if the
SM gauge group is extended, it is also generically possible for the short-range contributions
to 0νββ decay to dominate (see Ref. [73] for a discussion). Depending on the value of Cee (the
Yukawa coupling from the renormalizable BSM theory, as discussed in Sec. 4.2), this contribu-
tion could potentially be large enough to make the process detectable in ongoing and future
0νββ decay experiments, including GERDA [33, 34], EXO [35], SNO+ [36], KamLAND-
Zen [37, 38], CUORE [39], NEXT [40, 41], MAJORANA [42] and SuperNEMO [43].
The effective six-fermion contact interaction relevant for 0νββ decays, obtained from the
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Figure 8: TOP: Effective 0νββ contribution from O9. BOTTOM LEFT: 0νββ from tree-level
BSM completions of O9. BOTTOM RIGHT: 0νββ from 1-loop BSM completions of O9.
short-distance contribution encoded in O9, can be written as (see Refs. [74, 75])
L0νββ = G
2
F
2mp
ǫ3 J
µ Jµ e¯(1− γ5)ec. (5.20)
with the vector-axial hadronic currents being Jµ = u¯γµ(1− γ5)d. The parameter ǫ3 encodes
the information on the underlying BSM LNV physics, and may be written in terms of the
Feynman amplitude ASD0νββ for the short-distance 0νββ process
ǫ3 = −2mpASD0νββ . (5.21)
The relevant measurable quantity is the half-life T 0νββ1/2 due to 0νββ decays for various
nuclei that can undergo a 2β decay. The nonobservation of 0νββ decays sets experimental
lower bounds on the values of T 0νββ1/2 for the different nuclei. In principle, contributions from
all possible sources of 0νββ decay have to be considered coherently. However, in scenarios
where one source is dominant, the analysis simplifies considerably. Assuming, respectively,
that the dominant contribution to the 0νββ process comes from the light-neutrino exchange
or from the short-distance physics leading to Eq. (5.20), the half-life T 0νββ1/2 is very well
approximated by either
[
T 0νββ1/2
]−1
≃ G01 |m
ν
ee|2
m2le
|Mν|2 or
[
T 0νββ1/2
]−1
≃ G01 |ǫ3|2 |MSD|2. (5.22)
Here G01 is a phase-space factor, characteristic of the specific decaying nucleus consid-
ered [76], andMSD (short-distance) andMν (light-neutrino exchange) are the nuclear matrix
elements (NMEs) for each specific nucleus. Equation (5.22) then allows us to derive limits
on mνee or ǫ3 from experimental bounds on T
0νββ
1/2 . The values of G01, Mν and MSD are
taken from [76], [77] and [78], respectively, and are presented in Table 1. Note, however,
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G01 (10
−14 yr−1) |Mν| ∣∣MSD∣∣
76Ge 0.623 4.07 213
136Xe 4.31 2.82 109
150Nd 19.2 2.33 311
130Te 4.09 3.63 198
82Se 2.70 3.48 192
Table 1: Values of the phase-space factors G01 for the different nuclei, taken from Ref. [76].
The nuclear matrix elements (NMEs) |Mν | are the averaged best estimates from Ref. [77]. The
NMEs
∣∣MSD∣∣ are the values given in Ref. [78] from their computation using the proton-neutron
quasiparticle random phase approximation (pn-QRPA) approach.
that different methods of evaluating NMEs can give results differing by a factor ∼ 2, emerg-
ing from the different approximations used by each method and the propagation of their
respective uncertainties. This induces a corresponding uncertainty in the derived limits on
ǫ3 and m
ν
ee quoted below (see Refs. [71, 74, 75, 77] for more details including a discussion of
the theoretical uncertainties).
As discussed above, in scenarios where O9 constitutes the leading source of LNV, the
short-distance contribution to 0νββ decay largely dominates over the light-neutrino exchange
one. As an illustration, we will now consider the tree-level [28,29] and 1-loop [31] renormal-
izable completions to O9 discussed in Sec. 4.2 (see Fig. 8). For the tree-level case, the 0νββ
decay amplitude ASD0νββ reads
Atree0νββ = s2θ∆ v∆
(
m2∆1 −m2∆2
)
m2∆1 m
2
∆2
Cee. (5.23)
As expected, Atree0νββ vanishes in the limitm2∆1 = m2∆2 , since in this limit the ∆++−ρ++ mixing
term is absent from the Lagrangian and the lepton number would be exactly conserved
(recall the discussion in Sec. 4.2). For the 1-loop case, the 0νββ decay amplitude ASD0νββ can
be computed in a straightforward way to give
Aloop0νββ =
∆m2+ s2θ+
8pi2 m2ρ
Cee ×{[
κ2∆m
2
+ s2θ+ − ξ v (c2θ+ m2H+2 + s
2
θ+ m
2
H+1
)
] [
FH+1 ,H
+
2 ,H0
− FH+1 ,H+2 ,A0
]
−ξ v
[
m2H0 FH+1 ,H
+
2 ,H0
−m2A0 FH+1 ,H+2 ,A0
]} (5.24)
with ∆m2+ = m
2
H+1
−m2
H+2
and
Fa,b,c =
∫ 1
0
d x
∫ 1−x
0
d y
x y
(xm2a + ym
2
b + (1− x− y)m2c)2
. (5.25)
It can then be verified, using Eqs. (5.23) and (5.24), that both for the tree-level and 1-loop
renormalizable completions ASD0νββ ≫ Aν0νββ.
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Using the benchmark scenario from Ref. [29] (m∆1 = 10 TeV, m∆2 = 2 TeV, v∆ = 2 GeV
and s2θ∆ = 0.00125) and the benchmark scenario from Ref. [31] (mH0 = 70 GeV, mA0 = 475
GeV, mH+1 = 90 GeV, mH
+
2
= 850 GeV, mρ = 2 TeV, κ2 = 3 TeV, ξ = −2.5, and s2θ+ = 1),
we, respectively, obtain for ǫ3
ǫtree3 = 1.1× 10−9 |Cee| , ǫloop3 = 1.2× 10−5 |Cee| . (5.26)
The predicted values of ǫ3 may vary depending on the specific tree-level/loop completion of
O9 and the concrete values of the parameters within that scenario. However, Eq. (5.26) may
be regarded as a rough guide of what is to be generically expected. We note at this point
that for Cee → 0 the short-distance contribution to 0νββ vanishes along with mνee. However,
for sizable values of Cee, the short-distance contribution can indeed be very large (see the
discussion below).
The fact that ǫloop3 ≫ ǫtree3 in Eq. (5.26) can be understood in the following way: The
tree-level amplitude roughly scales as Atree0νββ ∝ s22θ∆/m, while the 1-loop amplitude scales
as Aloop0νββ ∝ 1/(4π)2 × s22θ+/m′ with the mass scales m and m′ being both O(TeV) for the
benchmark scenarios considered in Refs. [29] and [31]. However, the mixing angle in the
tree-level case is proportional to v∆ and thus very constrained by electroweak precision
observables (s2θ∆ ∼ 0.001), while in the 1-loop case, the relevant mixing angle is not severely
constrained and can be sizable (s2θ+ ∼ 1). This may then result in Aloop0νββ ≫ Atree0νββ despite
the additional loop suppression factor 1/(4π)2.
We can compare the predictions in Eq. (5.26) with the current best experimental limits
and future sensitivity prospects for five different nuclei that can undergo 2β− decays: 76Ge,
136Xe, 150Nd, 130Te, and 82Se. In the following we detail the present and future experimental
bounds on T 0νββ1/2 for these nuclei:
• 76Ge: The recent results from the phase I run of GERDA [34, 79] place the bound
T 0νββ1/2 > 2.1 × 1025 yr at 90% C.L., while phase II aims for a sensitivity of T 0νββ1/2 >
2×1026 yr [33]. MAJORANA plans to have an ultimate sensitivity of T 0νββ1/2 > 4×1027 yr
[42] for the same nucleus after ∼ 10 years of running.
• 136Xe: The first results from the EXO-200 experiment set a bound T 0νββ1/2 > 1.6×1025 yr
at 90% C.L. [80]. The sensitivity prospects for the EXO-1T upgrade is T 0νββ1/2 > 8 ×
1026 yr, and T 0νββ1/2 > 1.3×1028 yr for the ultimate EXO-10T upgrade [81]. For the same
nucleus, the current bound from the KamLAND-Zen experiment is T 0νββ1/2 > 1.9×1025 yr
at 90% C.L. [38,82], with a future planned sensitivity of T 0νββ1/2 > 4×1026 yr. The NEXT
experiment aims to reach a sensitivity of T 0νββ1/2 > 10
26 yr in the near future [41, 83].
• 150Nd: The present bound from NEMO3 is T 0νββ1/2 > 1.8×1022 yr at 90% C.L. [84]. The
NEMO3 upgrade, SuperNEMO, aims to reach a sensitivity of T 0νββ1/2 > 5× 1025 yr [43].
At the same time, the SNO+ experiment expects, after 4 years of data taking, to reach
a sensitivity of T 0νββ1/2 > 1.6× 1025 yr [85].
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Figure 9: Current limits and future sensitivities on ǫ3 and |mνee| from the 76Ge experiments
GERDA and MAJORANA (horizontal dashed-black lines), derived from T 0νββ1/2 limits with 0νββ
decay dominated by either short-distance physics (ǫ3) or light-neutrino exchange (|mνee|). Allowed
|mνee| regions for normal ordering NO (red) and inverted ordering IO (green) are shown for neutrino
oscillation parameters fixed to best-fit values (filled regions) and if allowed to vary within their
3σ uncertainty range (solid lines). The rectangle (blue dots) represents a generic region in the
(m, ǫ3) plane for scenarios featuring the short-distance O9 operator in Eq. (4.12) (recall that these
scenarios have NO with |mνee| ≃ 0). Its enclosed horizontal solid-black lines are concrete Yukawa
choices Cee = 10
−3, 10−4, 10−5 (1 loop) and Cee = 1, 10
−1 (tree level) for the tree-level/1-loop
renormalizable completion of O9 discussed in the text. The grey regions are currently excluded by
cosmological observations and present 0νββ decay limits.
• 130Te: The strongest bound for this nucleus is set by the CUORICINO experiment,
T 0νββ1/2 > 3 × 1024 yr at 90% C.L. [86]. The CUORE experiment will substantially
improve it, aiming for a sensitivity of T 0νββ1/2 > 2×1026 yr in 5 years of data taking [39].
• 82Se: The strongest bound for this nucleus is currently set by NEMO3 with T 0νββ1/2 >
3.6× 1023 yr at 90% C.L. [87, 88]. The planned sensitivity of SuperNEMO is T 0νββ1/2 >
1.2× 1026 yr [43].
A comparison between these current experimental limits and future expected sensitivities
on T 0νββ1/2 are presented as limits on ǫ3 and m
ν
ee in Figs. 9-11, for all the different nuclei
discussed above. The predicted values of ǫ3 for the tree-level and 1-loop completions of
O9 (for different choices of |Cee|), as well as the allowed region of mνee for NO and IO are
also presented in the figures. It should be noted that the ratios |mνee| /ǫ3 are different in
these figures. This is due to the fact that for each nuclei the ratio |MSD|/|Mν| is different
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Figure 10: Same as Fig. 9, for the 136Xe experiments EXO, NEXT, and KamLAND-Zen (TOP)
and the 150Nd experiments NEMO3, SNO+, and SuperNEMO (BOTTOM).
(see Table 1). For 130Te and 82Se, we have numerically very similar ratios of their NMEs
|MSD|/|Mν|, and experiments involving these nuclei are therefore displayed together in
Fig. 11.
For the scenarios discussed in this work, with LNV induced by the effective operator O9,
the short-distance contribution to 0νββ decays is by far dominant over long-range neutrino
exchange (for |Cee| = 10−3 the value |mνee| is ∼ 10−8 eV for the 1-loop scenario in Ref. [31]
and does not even appear in the range covered by the Figs. 9-11). It is seen that for a
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Figure 11: Same as Fig. 9, for the 130Te experiments CUORICINO and CUORE and the 82Se
experiments NEMO3 and SuperNEMO. Note that 130Te and 82Se can be presented in the same
plot, as their |MSD|/|Mν | ratios are numerically very similar (see the text and Table 1).
not too small value of |Cee| the short-distance contribution to 0νββ decays could be within
reach by both current and future experiments, in particular for 1-loop completions of O9
(for the specific 1-loop scenario presented here, the current limits on T 0νββ1/2 already constrain
|Cee| to be smaller than about 10−3). At the same time, a detection of 0νββ decay in
an ongoing or a future experiment, combined with an independent measurement excluding
the IO for neutrino masses from neutrino oscillation experiments, would suggest a short-
distance physics origin for the 0νββ decay signal. Very large 0νββ signal would also not be
possible from light-neutrino exchange, as it requires a degenerate neutrino mass spectrum
with m > 0.1 eV, which is clearly disfavored by present cosmological data.
Another consequence of the operator O9 leading to 0νββ decays is that the two emitted
electrons would be right handed (as opposed to the usual contribution from light-neutrino
exchange, where the two emitted electrons are left handed). A (hypothetical) measurement
of the chirality of the emitted electrons would allow us to further test O9 as responsible for
LNV and generation of Majorana neutrino masses.
6 Conclusions
Links between the origin of neutrino masses, the observed structure of neutrino masses and
mixings, and 0νββ decay probes of the Majorana nature of neutrinos may provide a key
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to a unified understanding of these various central aspects of neutrino physics. Potentially,
all these concepts are linked and generated by the same underlying new physics. We have
explored a simple class of theories beyond the SM that explain the large existing hierar-
chy between the scale of neutrino masses and the electroweak scale by radiatively induced
neutrino masses (exemplified by explicit known 2-loop and 3-loop scenarios) and that con-
nect to specific neutrino mixing properties due to approximate zeroes in the neutrino mass
matrix mνab. In these theories, new physics beyond the SM responsible for LNV and the
generation of Majorana neutrino masses does not couple directly to quarks or left-handed
leptons but couples to right-handed leptons. The consequence is that the leading (and dom-
inant) contributions to lepton number violation and neutrino masses are encoded in a single
nonrenormalizable dimension-9 operator, O9 in Eq. (4.12).
The present analysis shows the way approximate texture zeroes mνee ≃ 0 and mνeµ ≃ 0
naturally emerge in this class of theories. We have also defined a measure of the amount
of hierarchy needed in the underlying Yukawa matrix generating the neutrino mass matrix.
Once mνee ≃ 0 and mνeµ ≃ 0 the rest of the entries of mνab are required to be of the same
size in order to be compatible with current neutrino oscillation data, which then requires a
mild amount of hierarchy in the Yukawa couplings (although less than the one present in
the charged-lepton sector of the SM).
The texture with zeroes mνee ≃ 0 and mνeµ ≃ 0 generated in this class of theories gives rise
to nontrivial correlations among the different neutrino parameters. These correlations can
accommodate the current data from neutrino oscillation experiments while giving testable
predictions for the unknowns in the neutrino sector, such as a normal neutrino mass ordering
and a strong correlation among the values of the reactor angle θ13, the atmospheric angle θ23
(and its octant), and the CP phase δ (see Figs. 1-4 for various correlations). We also show
that future, more precise measurements of |∆m231| and the value of the solar angle θ12 will
be crucial for an ultimate test of this correlation.
Finally, this class of theories also incorporates an important link to 0νββ decay, since a
generic feature of these scenarios is the existence of a contribution to 0νββ decay from short-
distance physics which largely dominates over the one coming from light-neutrino exchange
(extremely suppressed in these scenarios, since mνee ≃ 0) and can be sizable in many cases.
We have analyzed the features of this leading, short-distance contribution to 0νββ decay in
concrete scenarios and derived prospects of detection in both ongoing and upcoming 0νββ
decay experiments such as GERDA, EXO, SNO+, KamLAND-Zen, CUORE, NEXT, MA-
JORANA, and SuperNEMO. Remarkably, these scenarios may provide a detectable signal
in 0νββ decay together with a normal ordering for neutrino masses and a lightest neutrino
mass m . 0.01 eV. A future combination of data from neutrino oscillation experiments,
cosmology, and 0νββ decay could allow us to ultimately test O9 as responsible for lepton
number vialotaion and the generation of neutrino masses.
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A Master formula for mee = meµ = 0
Equations (2.5) and (2.6), from the texture mee = meµ = 0, can be rewritten as
m1
m3
= −e2iα2 s13
c213
(
s13 − t12t23eiδ
) ≡ A (A.1)
m2
m3
= −e2i(α2−α1)s13
c213
(
s13 + t
−1
12 t23e
iδ
) ≡ B. (A.2)
Equations (A.1) and (A.2) can then be expressed as
|m1|2 = ∆m
2
31|A|2
1− |A|2 or |m3|
2 =
∆m231
1− |A|2 , (A.3)
cos δ = −
t223(1− t412) + t212(1 + t223t212 − t−213 )∆m
2
21
∆m231
2s13t12t23(1 + t212 − t212 ∆m
2
21
∆m231
)
(A.4)
where
|A|2 = s
2
13(s
2
13 + t
2
12t
2
23 − 2s13t12t23 cos δ)
c413
(A.5)
A convenient rewriting of Eq. (A.4) then gives (3.9). If Eqs. (A.3) and (A.4) are fulfilled,
then Eqs. (A.1) and (A.2) can always be satisfied with proper chosen values of α1,2:
tan 2α1 =
− sin δ
cos δ − s13t−112 t−123
(A.6)
tan 2(α2 − α1) = − sin δ
cos δ + s13t12t
−1
23
(A.7)
Since α1 and α1+α2 are still free up to a multiple of π/2, this allows us to also choose the
sign of A and B. The allowed region of neutrino parameters can now comprehensively be
expressed as
|cos δ| ≤ 1 with
{
|A| < 1 ⇔ (NO)
|A| > 1 ⇔ (IO) (A.8)
Fig. 12 shows two-dimensional slices of the region in Eq. (A.8). The slices are taken at
the experimental best-fit point of the neutrino oscillation parameters given in Ref. [55].
The figure illustrates the nontrivial statement that a neutrino mass matrix texture with
mee = meµ = 0 would be compatible with the neutrino oscillation data.
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Figure 12: For mee = meµ = 0, the allowed region |cos δ| ≤ 1 from Eq. (A.4). LEFT: in the (θ12,
θ23) plane. MIDDLE: in the (θ13, θ23) plane. RIGHT: in the (∆m
2
21, ∆m
2
31) plane. All slices are
taken at the point of the remaining neutrino oscillation parameters fixed to their best-fit values
from Ref. [55]. Normal ordering (|A| < 1) and inverted ordering (|A| > 1) are shown in the plots as
(red) horizontal-hashed and (blue) vertical-hashed regions, respectively. The black star corresponds
to the experimentally best-fit value of the neutrino oscillation parameters [55].
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